Abstract
Introduction
Around the world, the instances of blackout or total failure are ever-increasing. Secure operation of power system under both normal and contingency condition has become a very significant problem in today's complex electrical networks. In power system planning, contingency severity calculation is one of the most important aspects of power system reliability.
Several steady state and dynamic contingency ranking methods are used for contingency screening [1] [2] [3] [4] [5] [6] . During system disturbances, system stability becomes vulnerable and there is a high risk of moving towards global instability or total collapse or blackout if preventive actions are not taken quickly. FACTS devices are preferred in modern power systems based on the requirement and are found to deliver good solution. Placement of FACTS devices at an appropriate location provides a good solution to blackout prevention [7] [8] [9] [10] [11] [12] . Moazzami et al. [13] have presented a new approach for blackout prevention in a power system using parallel FACTS devices along with application of some corrective actions. Several metaheuristic methods have also been adopted for optimal placement of FACTS devices to improve the system conditions post contingency.
Security estimation of a power system under normal and contingency condition is a primary objective of power system engineers. Under contingency condition, voltage instability and line overload become a problem of major concern during operation of power systems. Therefore, in the system contingency ranking, it is necessary to consider voltage stability index along with line overload index for assessing the actual system stress under a contingency. IPFC is the most recent FACTS device, which is highly flexible and versatile. Since, IPFC consists of multiple VSC's with a common DC link, it has the capacity of compensating multiple transmission lines [14, 15] . Optimal placement of IPFC for contingency management is an opportunity yet to be explored. Usually FACTS devices are placed on the most severe line to reduce the severity of the line. However, the most severe line may not have a very high probability of occurrence of severity. It is highly probable that some other line in the system may be endangered more frequently at the occurrence of various contingencies. It is assumed that the line with high probability of severity is more in need of a FACTS device for the improvement of the post-contingency condition of the system.
In this paper, an offline long term investment strategy for placement of IPFC is being proposed for protection of power system against contingency. The line which has the highest probability of severity is proposed to be the optimal location for IPFC placement. Two separate indices Line Utilization Factor and Fast Voltage Severity Index have been combined to form a Composite Severity Index (CSI) to evaluate line overloads and bus voltage violations. Line Utilization Factor (LUF) is employed for the measurement of line overloads in terms of both real and reactive power. Fast Voltage Stability Index (FVSI) has been used for voltage contingency ranking. Both indices have been combined to form a Composite Severity Index, which is used to obtain an accurate estimate of overall stress on the line. The IPFC is placed on the line which is repeated most frequently on the severity list of CSI for the various outages. The load on the highest loaded node is increased gradually up to the critical level. The proposed method is implemented and tested on an IEEE 14 and 30 bus system. The results have been presented and analyzed for illustration purposes.
Mathematical Model of IPFC
IPFC consists of at least two back to back DC-AC converters connected by a common DC link [16] . V i , V j , V k are complex voltages at bus i, j, k respectively. V l = V l ∟θ l (l = i, j, k) and V l , θ l are the magnitude and angle of V l . Vse in is the complex controllable, series injected voltage source. It shows the series compensation of the series converter. Vse in is given by Vse in = Vse in ∟θse in (n = j, k). Vse in and θse in are the magnitude and angle of Vsein.
The basic model of IPFC consists of three buses i, j and k. Two transmission lines are connected with the bus i in common. The equivalent circuit of the IPFC with two converters is represented in Fig. 1 . Z sein is the series transformer impedance. P sein is the active power exchange of each converter via the common DC link. P i and, Q i as given in Eqs. (1) and (2) are the sum of the active and reactive power flows leaving the bus i. The IPFC branch active and reactive power flows leaving bus n are P ni and Q ni and the expressions are given in Eqs. (3) and (4). I ji , I ki are the IPFC branch currents of branch j-i and k-i leaving bus j and k, respectively. 
+ =0
Where, the superscript * denotes the complex conjugate. where, LUF ij is Line utilization factor (LUF) of the line connected to bus i and bus j. MVA ij(max) is Maximum MVA rating of the line between bus i and bus j and MVA ij is actual MVA rating of the line between bus i and bus j .
LUF will be small when the line under consideration carries an apparent within its limits and reaches a high value during overloads. Thus, it provides a precise measure of severity of the line overloads for a given state of the power system. When LUF ≥ 1, the line is considered to be overloaded. The overall LUF of the system is the sum of LUF's of all lines and is given by
Where, L is the no. of lines in the system.
(1)
Fast Voltage Stability Index (FVSI)
Fast Voltage Stability Index (FVSI) is a line-based voltage stability indicator given by Eq. (8)
where, Z is the line impedance, X is the line reactance, Q j is the reactive power at bus j and V i is the voltage magnitude at bus i. FVSI is used to indicate a stable operating region of the load. A line with FVSI value nearer to zero is considered to be a healthy line pertaining to stability. Higher the value of FVSI of a line, weaker is the line with respect to stability, i.e. closer it is considered towards instability. A system is considered to be unstable if FVSI ≥ 1 . The overall FVSI of the system is given by
Composite Severity Index (CSI)
After obtaining the LUF and FVSI values of all the lines for a particular line outage, the composite severity index is calculated as given in Eq. (10) CI w LUF w FVSI
where, w 1 and w 2 are the weighting factors of the two indices for line i-j. The sum of w 1 and w 2 is equal to unity. The weighting factors may be used to reflect the relative importance of the indices. In this study, the equal weightage has been given to both the indices. The overall CSI of the system is given by First, the most severe line corresponding to every outage is identified and tabulated down along with the details of the indices values in Table 1 , in descending order of CSI. An IPFC with two converters is chosen for the study. Only lines connected between load buses have been considered for IPFC placement.
A pie chart showing the regularity of severity in different lines after the contingency analysis of the system has been presented in Fig. 3 . It is observed from the chart that for different outages the line connected between the buses 9-14 is most prone to severity in comparison to other lines. Hence the line 9-14 is chosen for the placement of 1st converter of the IPFC. The Line 9-14 has highest severity when outage of line 13-14 occurs. Hence further analysis is carried out for line 13-14 contingency.
Three lines have been connected with the line 9-14 through a common bus. The CSI values of these lines for line 13-14 outage have been given in Table 2 . It is observed that line connected between buses 9-10 has the least CSI value, hence is the healthiest line. Hence the second converter of IPFC is chosen to be placed on line 9-10.Thus further analysis is done for line 13-14 contingency with IPFC placement at 9-14 and 9-10. Various parameters of the system are studied for three different system conditions -without contingency, with contingency at line 13-14 and with optimal placement of IPFC. The results have been tabulated in Table 3 . The parameters taken into consideration are active power loss, reactive power loss, Overall FVSI, Overall CSI, Overall LUF, FVSI, LUF, and CSI of line 9-14. The active and reactive power loss of the healthy system (without contingency) is found to be 22.5451 MW and 82.1714 MVAR respectively. With the outage of line 13-14, it is observed that the active and reactive power loss of the system is increased to 29.2832 MW and 109.3464 MVAR. After placement of IPFC in the line 9-14 and 9-10, the active and reactive power loss of the system reduced to 22.266 MW and 74.518 MVAR respectively. It is observed that contingency in line 13-14 increases the severity of the line 9-14 as given by FVSI and CSI values. Placement of IPFC at the proposed location reduces the value of the indices to pre-contingency state. The overall LUF, FVSI and CSI of the system also improve with placement of IPFC at the proposed location. Bus 4 is the highest loaded bus of the system under consideration. Load at bus 4 is further increased gradually up to the critical level (P = 109.8 MW, Q = 87.9 MVAR) and the results have been presented in Table 4 . The load flow program did not converge for any further increase in load beyond this limit. A sample of some most congested lines is taken. The CSI values of these lines for different loadings have been tabulated. From Table 4 it is clear that line 9-14 ranks highest in congestion for all different loadings. With placement of IPFC, the congestion in the line gets reduced to a good extent. The CSI values for line 9-14 for different loads for all the three system conditions have been shown graphically in Fig. 4 . The voltage profile of the 14 bus system has been given in Fig. 5 . It shows a very good improvement in the voltage of the buses with placement of IPFC at the proposed location. 
IEEE 30 Bus Test System
An IEEE 30 bus system is considered, in which bus no. 1 is considered as a slack bus and bus nos. 2, 5, 8, 11, 13 are considered as PV buses while all other buses are load bus as shown in Fig. 6 . This system has 41 connected lines. The details of the severe lines for each outage with respect to LUF, FVSI and CSI have been given in Table 5 , in descending order of CSI. The probability of severity of different lines has been shown in Fig. 7 . It is observed that line 9-10 is the most frequently repeated severe line (in terms of CSI) for various contingencies. Hence, line connected between buses 9-10 is chosen for the placement of the 1 st converter of IPFC. The maximum value of CSI for line 9-10 is 0.5577 p.u. when there is an outage of line 12-15 from Table 5 . Hence, further analysis is carried out for line 12-15 contingency. Line 9-10 is connected to line 6-9, 6-10, 9-11, 10-20, 10-17, 10-21, and 10-22 through a common bus. The CSI values of these lines have been presented in Table 6 . It is observed that line 10-17 is the healthiest line in terms of CSI. Therefore, this is the location chosen for the placement of 2 nd converter of IPFC. Hence further analysis is carried out for line 12-15 outage and IPFC placement on line 9-10 and 10-17. The load flow solution was run with IPFC for 30 bus system and the results obtained are given in Table 7 . It is observed from Table 7 , the active and reactive power loss of the healthy system was 22.288 MW and 102.33 MVAR respectively. With outage of line 12-15 the losses increased to 32.8249 MW and 139.3543 MVAR. When IPFC was placed on line 9-10 and 10-17 the active and reactive power losses reduced to 19.8 MW and 66.823 MVAR. It can also be observed that voltage deviation; overall LUF, FVSI and CSI of the system have been improved to the healthy state (without contingency condition) with the optimal placement of IPFC. The LUF, FVSI, and CSI values of line 9-10 have also been mentioned under the different system conditions, namely, without Contingency, With Contingency at 12-15, with IPFC at 9-10 and 10-17. A reduction in the value of the indices has been observed after the placement of IPFC at the proposed location. CSI of line 9-10 increased from 9.1741 p.u. to 10.9321 p.u. after contingency. When IPFC was placed, the CSI value of line 9-10 reduced to 7.2486 p.u.
Bus 7 is the load bus with the highest load. Loading at node 7 is increased gradually up to the critical level, and the system response as referred to severe lines has been studied and presented in Table 8 . The load was increased up to a level P = 299.8 MW and Q = 258.2 MVAR respectively. If any further active or reactive load was added, it was observed that the load flow solution did not converge. Hence, P = 299.8 MW and Q = 258.2 MVAR is the critical load at bus 7. The results show that LUF, FVSI and CSI values of all severe lines have decreased after the placement of IPFC. Out of these lines, line 9-10 is the location for IPFC placement. Figure 8 shows the decrease in severity of line 9-10 with respect to LUF, FVSI and CSI values after the placement of IPFC. The bus voltages of the 30 bus system, under normal loading have been plotted in Fig. 9 . It is observed that after the placement of IPFC, the voltage of all the buses have improved and the values are nearly equal to unity. 
Conclusion
IPFC can be very effective in either evading or at least reducing the severity of the system failure to a great extent. Proper placement of the costly device is necessary for its effective utilization.
• An approach for contingency estimation on the basis of probability of severity has been proposed.
• A composite index method has been used for the identification of severity of the system. The composite index is a combination of LUF and FVSI. Hence, CSI has the ability to predict the overall severity of the line. The severe lines for different line outages are identified and ranked in descending order of CSI for both test systems..
• The 1 st converter of IPFC is chosen to be placed on the line with highest probability of severity. The 2 nd converter is placed on the healthiest line that has a bus in common with the chosen line. It has been established that placement of IPFC effectively reduces line overload, improves voltage stability and reduces the active and reactive power loss of the system. It also reduces the voltage deviation and hence enhances the voltage profile of the system. It has been observed that the voltage deviation, overall LUF, FVSI and CSI of the system are reduced to the pre-contingency level.
• The system loading has been increased gradually to a critical value and the performance of the system has been studied. The IPFC has been found to alleviate the overall performance of the system at all loadings.
